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Abstract. We previously proposed the hybrid integration of photonic
crystals (PhCs) and conventional index-guided waveguides (CWGs) as a
potentially attractive method of realizing compact waveguide elements
for large-scale planar lightwave circuits (PLCs). We now examine 90-deg
bends and beamsplitters in PhC/CWG structures in which the waveguide
core has a high refractive index (3.25) and yet a low refractive index
contrast (1.54%) with the clad material. A PhC structure composed of a
triangular or square array of air holes is placed at the intersection of input
and output waveguides to obtain high efficiency 90-deg bends. We find
that diffraction from the boundary of the PhC region with CWG limits the
optical efficiency of the bend. To overcome this we use a rigorous design
tool based on a microgenetic algorithm (GA) and a finite difference time
domain (FDTD) method to optimize the boundary layer to suppress the
unwanted diffraction. We find that this approach yields improvements in
the bend efficiency at a wavelength of 1.55 m from 56.2 to 92.5% (for a
triangular PhC structure, TE polarization) and from 72.0 to 97.4%
(square PhC structure, TM polarization). © 2004 Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1780546]

Subject terms: integrated optics; photonics; guided waves; optical devices;
waveguides; photonic crystal; photonic integrated circuits; planar lightwave circuit.
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Introduction

Realization of ultracompact planar lightwave circuits
共PLCs兲 has been an active area of research1– 6 for over 20
years because of the potential to dramatically decrease the
cost of photonic systems while simultaneously increasing
their functionality. We recently proposed a new approach
based on the hybrid integration of conventional waveguides
共CWGs兲 and small photonic crystal 共PhC兲 regions.7 In this
approach, CWGs are used for transport of light while PhC
regions are introduced to dramatically reduce the size of
waveguide devices. This preserves the traditional advantages of CWGs such as straightforward design for singlemode operation, low propagation loss, and low dispersion
while advantageously using the attractive properties of
PhCs.
In Ref. 7, we examined high-refractive-index PhC posts
embedded in a conventional waveguide with a low refractive index core and a low refractive index contrast. In this
paper, we examine the opposite case in which the PhC region is comprised of air holes in a CWG with a high refractive index core and a low refractive index contrast with
the cladding material. A triangular lattice PhC 共which has a
wider photonic bandgap for TE polarization than a square
lattice兲 is used for a 90-deg bend for TE polarized incident
light 共in-plane electric field兲 while a 90-deg bend for TM
polarized light 共out of plane electric field兲 is achieved with
Opt. Eng. 43(9) 2143–2149 (September 2004)
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a square lattice PhC 共which has a wider directional bandgap
for TM polarization than a triangular lattice兲. We use 2-D
numerical analysis based on the finite difference time domain 共FDTD兲 method8 to analyze such PhC/CWG structures. In the case of a 90-deg bend, we show that the periodicity of the PhC boundary in conjunction with the high
index of the core and clad regions gives rise to diffraction
that limits the maximum optical efficiency of the bend. We
then show that this can be overcome by changing the first
layer of the PhC region to suppress this diffraction. We
design these modified structures with the aid of a rigorous
design tool that we have developed,9,10 which consists of a
microgenetic algorithm 共GA兲 for optimization combined
with a 2-D FDTD method for rigorous electromagnetic
computation of candidate structure properties. Application
of this design tool results in increases of the optical efficiencies of the bends from 56.2 to 92.5% for TE polarized
light and from 72.0 to 97.4% for TM polarized light. We
also show that rows of air holes can function as highefficiency 90-deg beamsplitters having total optical efficiencies of 99.4% for TM polarization 共49.8/49.6 splitting
ratio兲 and 98.8% for TE polarization 共50.6/48.2 splitting
ratio兲.
In Sec. 2, we first examine 90-deg bends with triangular
lattice PhC for TE polarized light and show optimized results based on the GA. In Sec. 3, we look at the equiva© 2004 Society of Photo-Optical Instrumentation Engineers 2143
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Fig. 1 (a) Dispersion relation of a PhC composed of a triangular air
( n ⫽1.000) hole array in the waveguide material (assumed to be a
quasi-homogeneous material with effective index of waveguide, n
⫽3.239) for r / a ⫽0.4 and (b) geometry of the hybrid PhC/CWG
structure.

lent case for a square lattice and TM polarized light. Highefficiency beamsplitters for TM and TE polarizations are
then presented in Sec. 4.
2

90-deg Bend—TE Polarization and Triangular
PhC Lattice
We first consider a hybrid PhC/CWG 90-deg bend structure
for TE polarized light. The core and clad refractive indices
of the input and output waveguides for this case are 3.25
and 3.2 (⌬⫽1.54%) and their widths are 2 m. As shown
in Fig. 1共a兲, the dispersion relation of the triangular lattice
PhC composed of air holes (n⫽1.000) in the waveguide
material, which is assumed to be quasi-homogeneous with
the effective index of 3.239, for TE polarization reveals a
photonic bandgap in the range of normalized frequency between 0.245(a/ 0 ) and 0.404(a/ 0 ) for r/a⫽0.4 (r, radius of air holes of the PhC; a, period of the PhC; and  0 ,
wavelength in vacuum兲. We choose a normalized frequency
of 0.319(a/ 0 ), which is close to the middle of the photonic bandgap. For  0 ⫽1.55  m, the triangular lattice PhC
2144 Optical Engineering, Vol. 43 No. 9, September 2004

Fig. 2 (a) FDTD simulation result of magnitude squared time averaged magnetic field at ⫽1.55  m (Yee cell size, 15 nm), and (b)
wave vector diagram corresponding to the hybrid structure. Inset
indicates the first Brillouin zone of the triangular lattice PhC. The
grating wave vector is calculated as 2  / a (in which a is the period
of PhC lattice) and is oriented in the direction of the boundary of the
PhC.

has parameters r⫽0.198  m and a⫽0.495  m. A hybrid
90-deg bend structure using this triangular lattice PhC is
illustrated in Fig. 1共b兲. The incident waveguide mode
source position and its propagation direction are indicated,
and the length and position of a detector for calculating the
bend efficiency 共i.e., the ratio of detected power to the incident power兲 are also shown. The PhC is placed at the
corner of the waveguides at 45-deg with respect to the input
waveguide. The boundary layer of the PhC corresponds to
the ⌫-K direction of the triangular lattice.
The magnitude squared time averaged magnetic field
共which, for the TE case, is the tangential field兲 for the hybrid structure at ⫽1.55  m is shown in Fig. 2共a兲. This
result is calculated with a 2-D FDTD method with Berenger perfectly matched layer boundary conditions.11
From Fig. 2共a兲, we found that we cannot get high bend
efficiency because a significant fraction of incident light is
diffracted by the PhC and propagates in an unwanted direction. We examine the corresponding wave vector diagram
shown in Fig. 2共b兲 to understand the behavior of this structure.
In Fig. 2共b兲, non-PhC and PhC regions are divided by
the horizontal axis, which corresponds to the PhC boundary
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Fig. 3 (a) Bend efficiency comparison between the structures before and after optimization and (b) optimized hybrid structure and
magnitude squared time averaged magnetic field for ⫽1.55  m.

along the ⌫-K direction of the triangular lattice. The semicircle in the upper half-space indicates the allowed wave
vector in the CWG region. Since no possible mode exists in
the PhC, there is nothing in the lower half-space. Solid
arrows show the incident and reflected light propagation
directions while the grating vector associated with the periodicity of the PhC boundary is represented by dashed arrows and an allowed diffraction order direction is indicated
as a dotted line. For 45-deg incidence of the waveguide
mode on the PhC boundary, there is not only reflected light
but also diffracted light propagating at a 30-deg angle with
respect to the incident light. This agrees very well with
FDTD simulation result in Fig. 2共a兲. It is clear that diffraction at the PhC boundary restricts the bend efficiency of
this structure.
By modifying the boundary layer 共i.e., the first layer兲 of
the PhC, we can manipulate the diffraction effect caused by
the periodicity of the boundary. A GA9,10 combined with
2-D FDTD is used to maximize the bend efficiency for 
⫽1.55  m. The radius, period, and position of the air holes
of the boundary layer are allowed to change to maximize
the bend efficiency in the optimization process. Since there
is a possible interaction between diffraction at the boundary
and the allowed wave vectors in the PhC, the size of the air
hole for the PhC is also allowed to change while its period
and position are fixed.
In Fig. 3共a兲, the bend efficiency as a function of wave-

Fig. 4 (a) Band diagram for the PhC region of hybrid structure and
(b) geometry of hybrid PhC/CWG bend for high-refractive-index
waveguide and a PhC composed of a square array air hole lattice. A
detector is used to calculate the bending efficiency. The diamond
inset is the first Brillouin zone of the PhC.

length is compared before and after GA optimization.
Structure optimization with GA clearly results in a significantly improved bend efficiency at the design wavelength
of 1.55 m. The optimized structure and the magnitude
squared time averaged magnetic field for ⫽1.55  m is
shown in Fig. 3共b兲. The radius and period of air holes for
the boundary and the PhC of the optimized structure remains same as before (r⫽0.198  m, a⫽0.495  m). The
only difference between the structures before and after optimization is the position of the boundary layer. The boundary layer is shifted toward the CWG region by 0.566 m as
shown in Fig. 3共b兲, which in turn creates a small gap between the boundary layer and the PhC region. Destructive
multiple beam interference for the diffracted light caused
by this small gap suppresses the undesired diffraction order
and increases the bend efficiency significantly from 56.2 to
92.5%.
Optical Engineering, Vol. 43 No. 9, September 2004 2145
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Fig. 6 Efficiencies as a function of wavelength for the initial structure (dotted line), the GA-optimized structure (dashed line), and
the manually adjusted structure (solid line) with removal of the
75-nm minimum wall size limitation.

Fig. 5 (a) Magnitude squared time averaged electric field for TM
polarized light for ⫽1.55  m and (b) corresponding wave vector
diagram. Two solid arrows indicate the incident light and light reflected into the output waveguide. The dashed arrow indicates the
grating vector for the periodicity of the first layer of the PhC. The
dotted arrows denote the diffracted light. The inset shows the orientation of the first Brillouin zone with respect to the wavevector diagram. See Fig. 4(a) for how this relates to the bend structure orientation.

3

90-deg Bend—TM Polarization and Square PhC
Lattice

A high-efficiency 90-deg bend can be realized for TM polarized light using a square PhC lattice and the same CWG
as in Sec. 2. The band diagram of a PhC composed of a

square air hole array in the CWG material 共quasihomogeneous with n eff⫽3.239) with r/a⫽0.39 is shown in
Fig. 4共a兲. This square lattice PhC has a directional bandgap
关⌫-M lattice direction, normalized frequency range from
0.214(a/ 0 ) to 0.251(a/ 0 )] that is wide enough to create
a high-efficiency 90-deg hybrid waveguide bend structure.
We select a normalized frequency near the middle of the
directional bandgap to obtain an initial design for the hybrid structure. The geometry of the initial design (r
⫽0.141  m, a⫽0.362  m) is shown in Fig. 4共b兲.
Note that the boundary between the PhC and the CWGs
corresponds to the ⌫-X direction of the PhC lattice instead
of the ⌫-M direction for the low-index waveguide case reported in our previous paper.7 Use of the ⌫-X direction as a
boundary instead of the ⌫-M direction presents a shorter
period interface to the incident light, which decreases the
number of possible propagating 共i.e., nonevanescent兲 diffraction orders. This is a particularly important consideration for high-index CWGs in which the wavelength of
light in the medium is substantially smaller than for lowindex CWGs.
In Fig. 5共a兲, the magnitude squared time averaged electric field 共the tangential component of TM polarization兲 calculated by 2-D FDTD for ⫽1.55  m is shown with the
initial hybrid structure geometry. The bend efficiency is

Fig. 7 GA-optimized hybrid structure for high-index waveguide and simulation result for ⫽1.55  m.
2146 Optical Engineering, Vol. 43 No. 9, September 2004
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Fig. 8 (a) Geometry of high-efficiency beamsplitter for highrefractive-index and low-index-contrast waveguide (for TM polarization). Detector positions to calculate the efficiencies at the horizontal
and vertical output waveguides are indicated. (b) The efficiencies at
the horizontal and vertical output waveguides as a function of wavelength.

72.0%. A portion of the incident light is deflected backward
toward the input waveguide while some propagates into the
PhC region. The wave vector diagram for this structure is
shown in Fig. 5共b兲.
The semicircle in the upper half-space of Fig. 5共b兲 indicates the allowed wave vectors in the waveguide region and
the dotted curves in the lower half space denote the allowed
modes in the PhC. It is evident that there are two allowed
diffraction orders from diffraction by the periodic PhC
boundary. One of the orders propagates nearly back along
the incident waveguide and the other couples to a PhC
mode, as we notice in Fig. 5共a兲. The existence of these two
diffraction orders limits the maximum bend efficiency that
can be achieved.

Fig. 9 (a) High-efficiency beamsplitter geometry for TE polarization
with input waveguide mode source line and detectors for calculating
efficiencies at both output waveguides and (b) spectral responses
for the geometry shown in (a) at both horizontal and vertical output
waveguides.

Optimization with GA is again used to design a structure with improved bend efficiency. The parameters varied
in the optimization are the radius and period of the boundary layer air holes, the position of the boundary layer, and
the size of the air holes for the PhC. The maximum size of
the air holes in the bulk PhC region and the boundary layer
is restricted such that the minimum allowable wall size
共edge-to-edge separation of the adjacent two holes兲 is 75
nm. Results for before and after GA optimization are
shown as the dotted and dashed lines, respectively, in Fig.
6. The bend efficiency at ⫽1.55  m is improved significantly 共95.0%兲 and there is a range of wavelengths 共1.5133
to 1.5773 m and 1.593 to 1.6067 m兲 for which the bend
efficiency is greater than 90%. Although we optimized for
only ⫽1.55  m, a significant improvement of the bend
Optical Engineering, Vol. 43 No. 9, September 2004 2147
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efficiency was obtained over most of the wavelength range
shown in Fig. 6. However, note that the peak bend efficiency is not at 1.55 m. We found that this is caused by
our restriction on the minimum 75-nm wall size, which
limits the possible size of air holes of PhC. The final optimized structure is obtained by increasing the size of air
holes of the PhC manually, which in turn decreases the wall
size, and the result is shown as the solid line in Fig. 6.
The geometry of the final structure and magnitude
squared time averaged electric field for ⫽1.55  m are
shown in Fig. 7. The air hole period of the PhC is 362 nm,
while the hole radius is 145 nm. The boundary layer of
holes has a period of 253.85 nm with a hole radius of 89.33
nm. The position of the boundary layer is shifted 170.24
nm in the ⫺y direction, as seen in Fig. 7. Now the wall
sizes of the PhC and the optimized boundary layer are 72
and 75.19 nm, respectively. The bending efficiency at 1.55
m is improved to 97.43%.

4

High-Efficiency Beamsplitters

As illustrated in Fig. 8共a兲, a 90-deg beamsplitter can be
formed with a row of air holes. The spectral response for
TM polarized light and a one-layer air hole array with a
268.7 nm period and a 105 nm air hole radius are shown in
Fig. 8共b兲. At ⫽1.55  m, 49.8% of incident light is directed into the horizontal output waveguide, while 49.6% is
coupled into the vertical output waveguide 共for a total efficiency of 99.4%兲.
Note that the spectral response of this is quite broad.
This high-efficiency beamsplitter is essentially a subwavelength diffraction grating that generates no propagating diffraction orders beyond the transmitted and reflected zero
orders.
We can alternatively create a beamsplitter for TE polarized light with a four-row air hole array, as shown in Fig.
9共a兲 (radius⫽64 nm, period⫽255 nm, row separation
⫽180 nm). The spectral response of this structure is shown
in Fig. 9共b兲. At ⫽1.55  m, 50.6 and 48.2% of the incident light are directed into the horizontal and vertical output waveguides, respectively 共98.8% total efficiency兲.

5

Summary

Hybrid PhC/CWG bends in high-index, low-index-contrast
waveguide material systems require careful design to avoid
efficiency-limiting diffraction from the periodic PhC
boundary. Our rigorous GA/FDTD design tool was shown
to be effective in designing high-efficiency 90-deg bends
by changing the properties of the boundary layer to suppress unwanted diffraction. Further studies are necessary to
explore other device implementations, out-of-plane scattering loss, and the effects of fabrication tolerances.
High-efficiency beamsplitters for TM and TE polarizations using the given waveguide structure are designed by
simply adding rows of 45-deg-tilted air hole array. Wide
wavelength ranges of high-efficiency splitting are achieved
for both TM and TE polarization.
2148 Optical Engineering, Vol. 43 No. 9, September 2004
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